Abstract. Oxidative stress biomarkers in the blood of White Stork Ciconia ciconia chicks were analyzed during their development in nests in polluted and control environments. The control, relatively pure, environment was the village of Kłopot, with no industrial plants within a radius of 150 km. Blood samples were also collected in two polluted areas, including the suburban village of Czarnowo, located 20 km from the city of Zielona Góra (southwestern Poland) and an area near the town of Głogów, where a large Copper Manufacture is situated. We measured two markers of oxidative stress (2-thiobarbituric acid reactive substances (TBARS) and stable 2,4-dinitrophenyl hydrazine derivates of the oxidative modified carbonyl groups levels), as well as antioxidant defenses (superoxide dismutase, catalase, glutathione peroxidase and glutathione reductase activities, ceruloplasmin and total antioxidant capacity levels) in the blood samples. White Stork chicks from different environments are probably significantly susceptible to environmental conditions. In the unpolluted area, chicks showed lower lipid and protein oxidation levels, indicating that the variation in the pollution-induced oxidative stress among areas is dependent of environmental loads. Increased oxidative stress biomarkers can modify antioxidant defenses in chicks from various environments, principally causing increased glutathione peroxidase activity in chicks from polluted regions. Therefore, the use of oxidative stress biomarkers to assess the health and condition of chicks will be useful in future studies aiming to identify miscellaneous environmental loading.
Introduction
The White Stork is a species whose breeding success is determined by a significant influence of the environments -a change of trophic condition, environmental structure, weather conditions (Latus et al. 2000; Nowakowski 2003 Nowakowski , 2006 Nowakowski & Wasilewska 2006) . The transformation of the environment, especially by the excessive intensification of agriculture, has resulted in a decline of stork population, and even total extinction in some countries (Tryjanowski et al. 2006 ). In the past few decades, grassland birds have declined faster, largely due to habitat threats such as the intensification of agriculture (Profus 2006) . Presently, the situation for White Stork may deteriorate drastically (Tryjanowski et al. 2006) . The White Stork is nesting in human settlements and feeding in rural areas, where more and more chemical agents protecting plants are used, may caused accumulation of toxins in the organisms of White Stork. This accumulation may influence the condition of individuals, and in consequence, also their survival and the rate of reproduction of the whole population (Orłowski et al. 2006) . The use of biocides and excessive doses of chemical fertilizers cause also a decline of soil fauna (earthworms and insects), which constitute an important element of the White Stork diet (Profus 1991) .
In our previous investigation, we determined how heavy metal poisoning is related to metal-induced oxidative stress in White Stork chicks from regions of Poland with different levels of pollution (Kamiński et al. , 2007 (Kamiński et al. , 2009a . The results of our study showed that the concentrations of very toxic heavy metals (lead and cadmium) gradually increased during nestling development, and in polluted areas were about twice as high as in the control area (the Odra meadows area) (Kamiński et al. , 2007 (Kamiński et al. , 2009a . We found high levels of cadmium (2.2 mg kg -1 ) and lead (7.2 mg kg -1 ) in chicks from Głogów, whereas the lowest levels were seen in chicks from Odra meadows (Cd 1.45 mg kg -1 , Pb 0.84 mg kg -1 ) (Kamiński et al. 2009a) . This was probably due to the higher contamination of the soils in polluted areas with these heavy metals. As stated in reports of previous studies (Chłopec-ka et al. 1996; Kabala & Singh 2001) , toxic heavy metals were higher in soil samples from polluted environments in southwest Poland. Four soil profiles located near a copper smelter and refinery in Głogów were investigated to determine how the distributions and chemical fractions of Cu, Pb, and Zn as well as their mobility relate to soil properties. Contamination with heavy metals was primarily restricted to surface horizons, and the degrees of contamination were 7 to 115-fold for Cu, 30-fold for Pb, and 6-fold for Zn (Kabala & Singh 2001) . Concentrations of Cd, Pb, and Zn ranged from 0.5 to 105, 14 to 7100, and 20 to 10 000 mg per kg of soil, respectively (Chłopecka et al. 1996) . The most consistent distribution patterns were found when the soil samples were grouped according to total metal content. The inferred relative mobilities of the metals and their redistribution among different fractions support the view that metals from anthropogenic sources are more mobile than those from the parent materials of the soil (Chłopecka et al. 1996) . The toxic metals accumulated in nestlings during the growth period, mostly in bones and feathers, and their toxic effects on the organism intensified with age (Hoffman 2002; Hoffman et al. 2005 Hoffman et al. , 2009 Hoffman et al. , 2011 .
Transition metals act as catalysts in the oxidative reactions of biological macromolecules, so the toxicities associated with these metals might be due to oxidative tissue damage (Ercal et al. 2001) . Cells under oxidative stress display various dysfunctions because lesions cause various modifications to DNA bases, enhance lipid peroxidation, and alter cell homeostasis (Valko et al. 2005) .
It is suggested that metal-induced oxidative stress in cells may be partially responsible for the toxic effects of heavy metals (Ercal et al. 2001) . In many studies, a link between the susceptibilities of birds to heavy metal poisoning and oxidative stress was observed. The mechanisms producing the harmful effects of oxidative stress are complex with different biomolecular mechanisms associated with ecotoxicological and ecological aspects (Koivula & Eeva 2010) . Components of the antioxidant defense system have the widest scope and greatest potential for use as subcellular biomarkers of the contamination of birds with metals from the environment (Berglund et al. 2007 (Berglund et al. , 2011 Hoffman 2002; Hoffman et al. 2005 Hoffman et al. , 2009 Hoffman et al. , 2011 Kamiński et al. 2009a; Kurhalyuk et al. 2006a, b; Kenow et al. 2008; Koivula et al. 2011; Martinez-Haro et al. 2011; Mateo et al. 2003; Mateo & Hoffman 2001) .
Hematological and biochemical research into the condition of birds can potentially indicate positive associations with miscellaneous environmental loads (Kamiński et al. 2006a, b) . Antioxidants and their oxidation products are important indicators of oxidative stress induced by toxic chemicals from environment (Berglund et al. 2007 (Berglund et al. , 2011 Hoffman 2002; Hoffman et al. 2005 Hoffman et al. , 2009 Hoffman et al. , 2011 Kamiń-ski et al. 2009a, b; Kurhalyuk et al. 2006a, b; Kenow et al. 2008; Koivula et al. 2011; Martinez-Haro et al. 2011; Mateo et al. 2003; Mateo & Hoffman 2001) .
Therefore, we hypothesized that White Stork chicks from polluted areas (near a Copper Manufacture in Głogów) suffer higher oxidative stress than chicks from the suburbs and the area near Odra meadows. We then performed a study to analyze the changes in lipid peroxidation (the 2-thiobarbituric acid reactive substances content) and oxidatively modified protein levels (by checking for stable 2,4-dinitrophenyl hydrazine derivatives of carbonyl groups) as biomarkers of oxidative stress, as well as the antioxidant defense system (the activities of superoxide dismutase, catalase, glutathione peroxidase, and glutathione reductase, and the ceruloplasmin level) in the blood of White Stork Ciconia ciconia chicks in polluted (i.e., near to a Głogów Copper Manufacture) and suburban areas, as well as in the Odra meadows area (the control area).
Materials and methods

The study area
Blood samples were collected from young storks developing immediately near Odra meadows (Kłopot village; 52°07'56.3"N, 14°42'10.4"E; southwestern Poland), henceforth called "Odra meadows", treated as the control environment (Tryjanowski et al. 2005) . They were compared with blood samples from young storks at village Czarnowo (52°02'03.7"N, 14°57'24.7"E) located 20 km away from Zielona Góra (51°56'26.1"N, 15°30'38.9"E; southwestern Poland), and treated as "Suburbs" area. We also took our investigations near Głogów (51°39'32.6"N, 16°04'49.9"E), where a copper smelter and refinery in Głogów is situated. Głogów Copper Manufacture produces copper and lead from lead fields; therefore we call these areas "Polluted area". A total of 189 White Stork chicks were surveyed in three breeding seasons from different nestles and different White Stork chicks, 2008 Stork chicks, , 2009 Stork chicks, , and 2010 The age of birds varied from 43 to 54 days. We studied 69 individuals from "Odra meadows", 68 from the "Suburbs", and 52 individuals from "Polluted area". Our behavioral observations of storks as well as physical examinations of the birds suggested that all were physically healthy. The experiments were conducted with the Guidelines of the European Union Council and the current laws in Poland, according to the Ethical Commission. To eliminate diurnal rhythm changes, all examinations started at 10 and ended at 12 am.
Blood samples
Chicks were retrieved from the nest and placed in individual ventilated cotton sacks. We collected 5 mL blood samples by puncturing the brachial veins of the stork chicks in less than 1 min using 5 mL syringes with 0.7Ø needles, and transferred the samples to tubes with EDTA. Cotton balls with coagulant were used for stypsis at the injection site. After collecting the blood samples, the chicks were returned to their nests. The samples were kept in a chilled cooler before transporting them to the laboratory. The plasma was removed; the erythrocytes were washed three times with five volumes of saline solution and centrifuged at 3,000·g for 10 min. After centrifugation, the plasma samples were frozen at -20 °C and stored one week until analysis. The plasma was used to determine 2-thiobarbituric acid reactive substances and oxidatively modified protein levels, the total antioxidant capacity, as well as catalase and ceruloplasmin activities. The hemolyzed erythrocytes were used to assay for superoxide dismutase (1:1000), glutathione reductase, and glutathione peroxidase (1:20) activity.
Biomarker analysis
Thiobarbituric acid (TBA), oxidized and reduced glutathione (GSSG and GSH), NADPH, and 5,5-dithiobis-2-nitrobenzoic acid, ethylenediaminetetraacetic acid (EDTA), thrichloroacetic acid (TCA), quercetin, hydrogen peroxide, ammonium molybdate, sodium aside, t-butylhydroperoxide, Tween 80, urea acid, 2,4-dinitrophenyl hydrazine (DNFH) were obtained from Fluka (Buchs, Switzerland). All other chemicals were of analytical grade. All enzymatic assays were carried out at 25±0.5 °C using a Specol 11 spectrophotometer (Carl Zeiss Jena, Germany). The enzymatic reactions were started by adding the blood or plasma samples. The specific assay conditions are presented subsequently. Each sample was analyzed in triplicate.
Thiobarbituric acid reactive substrates (TBARS) assay
TBARS were measured using the method of Kamyshnikov (2004) . Briefly, 2 mL of distilled water were added to 0.1 mL of plasma, 1 mL of 20% TCA, and 1 mL of 0.8% TBA reagent, and this mixture was boiled in a water bath at 95 ºC for 10 min. The reaction was stopped by placing the tubes in ice-cold water. This mixture was then centrifuged at 3,000 g for 10 min. The absorbance of the supernatant was read at 540 nm. The TBARS content was calculated using 1.56 x 10 5 mM -1 cm -1 as the extinction coeffcient. The TBARS level was expressed in micromoles of malonic dialdehyde (MDA) per liter of plasma.
The carbonyl derivatives content of protein oxidative modification (OMP) assay
The oxidatively modified protein level was estimated by reacting the resulting carbonyl derivatives of amino acids with 2,4-dinitrophenylhydrazine (DNFH), as described by Levine et al. (1990) and modified by Dubinina et al. (1995) . Briefly, 0.1 M DNPH (dissolved in 2 M HCl) was added to 0.1 mL of the plasma after denaturing the proteins with 20% trichloracetic acid. After adding the DNPH solution (or 2 M HCl to the blanks), the tubes were incubated for a period of 1 h at 37 ºC. The tubes were spun in a centrifuge for 20 min at 3,000 g. After centrifugation, the supernatant was decanted and 1 mL of ethanol-ethylacetate solution was added to each tube. After mechanically disrupting the pellet, the tubes were allowed to stand for 10 min and then spun again (20 min at 3,000 g). The supernatant was decanted and the pellet washed with etha nol-ethylacetate twice more. After the final wash, the protein was solubilized in 2.5 mL of 8 M urea solution. To speed up the solubilization process, the samples were incubated at 90 ºC in a water bath for 5-10 min. The final solution was centrifuged to remove any insoluble material. The carbonyl content was calculated from absorbance measurements at 370 and 430 nm and using an absorption coeffcient of 22,000 M -1 •cm -1 . Carbonyl groups were determined spectrophotometrically from the absorbance at 370 nm (aldehyde derivatives, OMP 370 ) and 430 nm (ketonic derivatives, OMP 430 ) and expressed in nanomoles per milliliter of blood.
Superoxide dismutase activity assay
Superoxide dismutase (SOD, EC 1.15.1.1) activity in the supernatant was determined according to Kostiuk et al. (1990) . SOD activity was assessed according to its ability to dismutate superoxide produced during quercetin autoxidation in an alkaline medium (pH 10.0). Briefly, 1.0 mL of C reagent was mixed with 0.1 mL of hemolyzed erythrocytes (1:1000). C reagent (a mixture of equal volumes of 0.1 M K, Na phosphate buffer with pH 7.8, and 0.08 M EDTA) was created ex tempore; pH of the C reagent was adjusted to 10.0 by adding tetramethylenediamine. Distilled water (0.1 mL) was added to the blank vials instead of sample. The total volume of the sample was brought up to 2.4 mL using distilled water. The reaction was initiated by adding 0.1 mL of quercetin (1.4 μM dissolved in dimethyl sulfoxide). The absorbance at 406 nm was measured at the start of the reaction and after 20 min. Activity was expressed in units of SOD per milliliter of blood.
Catalase activity assay
Catalase (CAT, EC 1.11.1.6) activity was determined by measuring the decrease in H 2 O 2 in the reaction mixture using a spectrophotometer at a wavelength of 410 nm by the method of Koroliuk et al. (1988) . The reaction was initialized by adding 0.1 mL of the plasma sample to the incubation medium (2 mL of 0.03% H 2 O 2 solution). The duration of this reaction was 10 min at room temperature. The reaction was terminated by rapidly adding 1.0 mL of 4% ammonium molybdate (dissolved in 12.5 mM H 2 SO 4 ) and 1 mL of 125 mM H 2 SO 4 . All samples were centrifuged at 3,000•g for 5 min. The absorbance of the obtained solution was measured at 410 nm and was compared with that of the blank. One unit of catalase activity was defined as the amount of enzyme required to decompose 1 μmol H 2 O 2 per minute per liter of plasma.
Glutathione reductase activity assay
Glutathione reductase (GR, EC 1.6.4.2) activity in the blood was measured according to the method described by Glatzle et al. (1974) . The enzymatic activity was assayed spectrophotometrically by measuring NADPH consumption. In the presence of GSSG and NADPH, GR reduces GSSG and oxidizes NADPH, resulting in a decrease of the absorbance at 340 nm. The enzyme assay mixture contained 2.4 mL of 67 mM sodium phosphate buffer (pH 6.6), 0.2 mL of 7.5 mM oxidized glutathione, and 0.1 mL of hemolyzed erythrocytes (1:20). The rate of NADPH oxidation was followed spectrophotometrically at 340 nm. Quantification was performed based on a molar extinction coefficient of 6.22 mM -1 •cm -1 of NADPH. A blank without NADPH was used and the GR activity was expressed in nanomoles of NADPH per minute per milliliter of blood.
Glutathione peroxidase activity assay
Glutathione peroxidase (GPx, EC 1.11.1.9) activity was determined by detecting the nonenzymatic utilization of GSH (the reacting substrate) at an absorbance of 412 nm after incubation with 5,5-dithiobis-2-nitrobenzoic acid (DTNB) according by the method of Moin (1986) . The assay mixture contained 0.8 mL of 0.1 M Tris-HCl buffer with 6 mM EDTA and 12 mM sodium azide (pH 8.9), 0.1 mL of 4.8 mM GSH, 0.2 mL of hemolyzed erythrocytes (1:20), 1 mL of 20 mM t-butylhydroperoxide, and 0.1 mL of 0.01 M DTNB. The rate of GSH reduction was followed spectrophotometrically at 412 nm. GPx activity was expressed in nanomoles of GSH per minute per milliliter of blood.
The ceruloplasmin level assay
The ceruloplasmin (CP, EC 1.16.3.1) level in the plasma was measured spectrophotometrically at 540 nm, as described by Ravin (1961) . The assay mixture contained 0.1 mL of plasma, 0.4 M sodium acetate buffer (pH 5.5), and 0.5% p-phenylenediamine. The mixture was incubated at 37 ºC for 60 min. Before cooling at 4 ºC for 30 min, the mixture was added to 3% sodium fluoride for inhibition. Ceruloplasmin was expressed in milligrams per liter of plasma.
Total antioxidant capacity assay
The TAC level in the plasma was estimated by measuring the TBARS level following Tween 80 oxidation. This level was determined spectrophotometrically at 532 nm (Galaktionova et al. 1998) . Plasma inhibits the Fe 2+ /ascorbate-induced oxidation of Tween 80, resulting in a decrease in the TBARS level. Briefly, 0.1 mL of plasma sample were added to 2 mL of 1% Tween 80 reagent, 0.2 mL of 1 mM FeSO 4 , and 0.2 mM of 10 mM ascorbic acid. In the blank assay, 0.1 mL of distilled water was used instead of the sample. The mixture was heated in a boiling water bath for 48 h at 37 ºC. After cooling, 1 mL of TCA was added. The mixture was centrifuged at 3,000·g for 10 min. After centrifugation, 2 mL of supernatant and 2 mL of 0.25% of TBA reagent were mixed. The mixture was heated in a boiling water bath at 95 ºC for 15 min. The absorbance of the obtained solution was measured at 532 nm. The absorbance of the blank was defined as 100%. The level of TAC in the sample (%) was calculated with respect to the absorbance of the blank.
Statistical analysis
Results are expressed as mean ± S.E.M. Data from three years were collected and summarized. Kolmogorov-Smirnov test was applied to evaluate normality while Levene test was used to test the homogeneity of variance. As most of the distributions deviated from the normal distribution, non-parametric tests were used for further analyses. In order to find significant differences (significance level, p<0.05) between "Odra meadows", "Suburbs", and "Polluted area" groups, Kruskal-Wallis one-way analy-sis of variance by ranks test was applied to the data with post-hoc mean rank multiple comparison (Dunn test) (Zar 1999) . All statistical analyses were performed using STA-TISTICA 8.0 software (StatSoft, Poland).
Results
The lipid peroxidation levels in the plasma of White Stork chicks from different Poland environments are summarized in Figure 1 . TBARS levels (H = 142.52, P < 0.0001) in chicks from the "Suburbs" and the "Polluted area" were significantly higher than those in chicks from "Odra meadows", by 69% (P < 0.0001) and 112% (P < 0.0001), respectively. TBARS levels in chicks from the "Polluted area" were significantly higher than those in chicks from suburbs by 26% (P < 0.0001).
The effects of the various ecological threats present in particular environments on the oxidatively modified protein content of the plasma, as measured as carbonyl oxidation levels, are shown in Figure 2 . Aldehyde (H = 78.28, P < 0.0001) and ketonic (H = 33.32, p < 0.0001) derivatives of carbonyl oxidation levels were higher in plasma of chicks from the "Polluted area" than in plasma of chicks from "Odra meadows" by 59% (P < 0.0001) and by 22% (P < 0.0001), respectively. The carbonyl oxidation levels in chicks from the "Suburbs" were significantly higher than those in the control group ("Odra meadows") by 24% (P < 0.0001) and 8% (P < 0.0001) for the aldehyde and ketonic derivatives, respectively.
Activities of antioxidant enzymes are shown in Table 1 . Higher SOD activities (H = 40.09, P < 0.0001) were found in chicks from "Odra meadows" and the "Polluted area" than in those from the "Suburbs", by 29% (P < 0.0001) and 24% (P < 0.0001), respectively. Plasma CAT activity (H = 58.27, P < 0.0001) was higher in chicks from the "Suburbs" and the "Polluted area" than in chicks from "Odra meadows", by 52% (P < 0.0001) and by 47% (P < 0.0001), Figure 1 . The level of lipid peroxidation determined by quantifying the concentration of 2-thiobarbituric acid reactive substrates (TBARS) (µmol MDA·L -1 ) in the blood of White Stork Ciconia ciconia chicks from control ("Odra meadows") and polluted environment ("Suburbs", "Polluted area").
Values expressed as mean ± S.E.M. Results of Kruskal-Wallis test with post-hoc mean rank multiple comparison: a -the significant change was shown as P<0.05 when compared between "Odra meadows" and "Suburbs areas" group values; b -significant difference (P<0.05) between "Odra meadows" and "Polluted area" group values; c -significant difference (P<0.05) between "Suburbs areas" and "Polluted area" group values Figure 2 . Oxidatively modified proteins (OMP) content, measured by quantity of carbonyl oxidation (nmol·mL -1 ) in the blood of White Stork Ciconia ciconia chicks from control ("Odra meadows") and polluted environment ("Suburbs", "Polluted area"). Carbonyl groups were determined spectrofotometrically from the difference in absorbance at 370 (aldehyde derivates) and 430 nm (ketonic derivates). Data are means ± S.E.M.; a , b , and c -see Figure 1 respectively. The GR activity (H = 130.60, P < 0.0001) was significantly higher in chicks from Odra meadows than in chicks from the suburbs and the polluted area (by 102%, p = 0.0001 and 28%, p = 0.0001, respectively). Regarding GPx (H = 107.97, p = 0.0001), its activity was increased by 7.1-and 5.6-fold (P < 0.0001) in chicks from the "Polluted area" compared to the values for chicks from "Odra meadows" and the "Suburbs". The CP level (H = 74.9, P < 0.0001) was significantly higher in the plasma of chicks from "Odra meadows" and the "Suburbs" than in the blood of chicks from the "Polluted area", by 70.6% (P < 0.0001) and 70.9% (P < 0.0001), respectively. Plasma total antioxidant capacity (H = 92.43, P < 0.0001) was significantly lower in chicks from the "Polluted area" than in chicks from the "Suburbs" and "Odra meadows", by 26.5% (P < 0.0001) and 20% (P < 0.0001), respectively (Fig. 3) .
Discussion
Our results indicate changes in oxidative stress biomarkers, as well as selected antioxidant defenses parameters (SOD, CAT, GR, and GPx activities, CP and TAC levels) in the blood of chicks in response to environmental contamination. The use of biomarkers offers invaluable early warning information to be used to improve the processes of hazard assessment for populations and ecological risk assessment (Martinez-Gomez et al. 2010) . Results of this study show that nestlings of White Storks in metal contaminated areas (such as the polluted area near Głogów Copper Manufacture) are affected by oxidative stress, given as increased lipid peroxidation, oxidatively modified protein contents, and antioxidant defenses (Figs 1-3 , Table 1 ). We found significant increase of oxidative stress biomarkers in the blood of chicks from the polluted environments ( Fig. 1  and 2 ). Significant decrease in TAC level in the blood of chicks from the "Suburbs" and "Polluted area" was found (Fig. 3) . We conclude that oxidatively modified protein contents and lipid peroxidation levels may function as useful biomarkers for oxidative stress in White Stork nestlings exposed to metal contaminated environments. Our results can indicate that the consequence of higher environmental contamination is a more intense oxidative stress in the blood of chicks.
It is important to note the predominance of lead and cadmium participation in element-enzyme and element-enzyme interactions in the blood of young storks in our previous studies. The concentrations of micro-and macroelements, as well as toxic heavy metals (Pb and Cd) were higher in the blood of chicks from polluted and suburban environments than in those nesting near Odra meadows (Kurhalyuk et al. 2006a, b; Kamiński et al. 2006a Kamiński et al. , b, 2007 Kamiński et al. , 2009a .
Recent toxicological studies have reported that lead and cadmium exposure is capable of generating reactive oxygen species (ROS) such as hydroxyl radical (HO), superoxide radical (O 2 .-) or hydrogen peroxide (H 2 O 2 ) and inducing Table 1 . Activities of antioxidant enzymes in the blood of White Stork Ciconia ciconia chicks from control ("Odra meadows") and polluted environment ("Suburbs", "Polluted area"). Data are means ± S.E.M.
Antioxidant enzymes activity "Odra meadows" "Suburbs" "Polluted area"
SOD, U·mL oxidative damage to the brain, heart, kidneys, and reproductive organs with neurological, haematological, gastrointestinal, reproductive, circulatory, and immunological pathologies (Koizumi et al. 1996; Ercal et al. 2001; Valko et al. 2005) . Transition metals act as catalysts in the oxidative reactions of biological macromolecules and deplete cells' major antioxidants, particularly thiol-containing antioxidants and enzymes. Therefore, the toxicities associated with these metals might be due to oxidative tissue damage (Ercal et al. 2001) . It is suggested that lead and cadmium induced oxidative stress in cells can be partially responsible for the toxic effects of heavy metals. Cells under oxidative stress display various dysfunctions due to lesions caused by ROS to lipids, proteins and DNA (Ercal et al. 2001; Valko et al. 2005) . Lipid peroxides, formed by the attack of radicals on polyunsaturated fatty acid residues of phospholipids, can further react with redox metals finally producing toxic malondialdehyde, 4-hydroxynonenal and other exocyclic DNA adducts (Valko et al. 2005) . Lipid peroxidation may cause cross-linking and polymerization of membrane components. In this way, cell membranes may be modified in their lipid composition and thus in cellular functions (Koizumi et al. 1996) . Proteins are major targets for ROS in cells and oxidized proteins that accumulate during oxidative stress and in some pathological conditions . Exposure of proteins to ROS results in modification of amino acid residues, which alters protein structure and function Yeh et al. 2008) . Therefore, protein carbonyls have been used as a biomarker of oxidative stress (Yeh et al. 2008 ). In accordance with this, we can consider that strict relationships exist among various nest locations on contaminated areas by toxic heavy metals, regarding their participation in the modification of lipids and proteins, as well as antioxidant defenses. We noted that White Stork nestlings in heavy metal contaminated areas are accompanied by an increase in lipid and protein oxidation ( Fig. 1 and 2) . Thus, young storks are probably significantly susceptible to environmental conditions. They demonstrated initiation of lipid peroxidation and protein oxidation. Chicks of White Storks, developing along a pollution gradient, might differ in their compensatory capacity for effective elimination of prooxidative toxicity of heavy metals and many organic pollutants. Our results show that the blood of chicks from the "Polluted area" was more susceptible to oxidative stress due to lipid and protein oxidation, manifested as TBARS and protein carbonyls, respectively, than those of chicks from the "Suburbs" and "Odra meadows" (Fig. 1 and 2) . Our results can indicate that perhaps there is a dose-response relationship between the level of environment contamination and oxidative stress in the nestlings in the polluted area.
We summarized that increased lipid peroxidation modifies antioxidant enzyme activity and causes changes in the antioxidant defense system in the blood of chicks from various environments, principally causing increased enzyme activity in the blood of chicks from polluted regions (Table 1 ). In environments with high levels of anthropogenic pollution, antioxidants are important to protect the body from elevated oxidative stress (Isaksson et al. 2008) . The maintenance of a high antioxidant capacity in cells may increase tolerance against different types of environmental stress (Thomas et al. 1999 ). In our study, GPx activity was strongly higher in the polluted environment due to subsequently higher level of oxidative stress in the nestlings in the polluted area (Table 1) . Koivula et al. (2011) also noted high GPx activity in the Great Tit from the polluted area.
Glutathione (GSH) is the major cellular thiol participating in cellular redox reactions and thioether formation (Sies 1999) . It is mainly involved in detoxication mechanisms through conjugation reactions. Other functions include thiol transfer, destruction of free radicals and metabolism of various exogenous and endogenous compounds (Rana et al. 2002) . During oxidative stress, GSH plays a key role of protection and detoxification as a cofactor of glutathione peroxidases and glutathione-S-transferases (Gerard-Monnier & Chaudiere 1996) . The reduced form of glutathione (GSH) and its associated enzymes are the most reliable biomarkers directly related to assessment of metal-induced oxidative stress (Isaksson 2010) . Glutathione dependent enzymes, i.g. glutathione-S-transferases (GST), glutathione peroxidases, glutathione reductase and gamma-glutamate transpeptidase facilitate protective manifestations (Rana et al. 2002) . GR plays an indirect but essential role in the prevention of oxidative damage within the cell by helping to maintain appropriate levels of intracellular GSH. GSH, in conjunction with the GPx, is the acting reductant responsible for minimizing harmful hydrogen peroxide cellular levels (Meister 1994) . GPx acts on lipid hydroperoxide substrates that are released from membrane phospholipids (Van Kuijk et al. 1987) . There are synergistic interactions between GSH and other components of the antioxidant defense system such as vitamin C, vitamin E and superoxide dismutases (Gerard-Monnier & Chaudiere 1996) . Thus GPx can be used as an indicator of increased oxidative stress. The activity of this enzyme was, however, not directly related to metal exposure, but more likely to some secondary pollution-related change in the nestling condition .
Our study is in agreement with studies obtained by other researchers. For example, Berglund et al. (2007) also investigated whether Pied Flycatcher Ficedula hypoleuca nestlings in the pollution gradient of the industry were affected by oxidative stress. They used antioxidant molecules and enzyme activities as biomarkers for oxidative stress in the liver tissue of free-living Pied Flycatcher nestlings exposed to metal contaminated environments (the smelter was located in the northern part of Sweden). Nestlings in metal contaminated areas showed signs of oxidative stress by up regulated hepatic antioxidant defense, slightly elevated lipid peroxidation and antioxidant defenses while simultaneously accumulating amounts of arsenic, cadmium, mercury, lead, iron and zinc in their liver tissue (Berglund et al. 2007 ). Rainio et al. (2013) studied species-specific variation in the oxidative status and antioxidant defenses of Great Tit Parus major, Blue Tit Cyanistes caeruleus and Pied Flycatcher nestlings in a vicinity of a non-ferrous smelter. They founded a strong evidence of interspecific variation in CAT and SOD activities, whereas less variation was observed in parameters related to glutathione metabolism (Rainio et al. 2013) . Koivula et al. (2011) submitted the most reliable biomarkers to detect pollution-related oxidative stress in wild birds by comparing oxidative stress status in in Great Tit nestlings at populations in polluted and unpolluted areas. Antioxidants (GSH, carotenoids) and several antioxidant enzymes (GPx, GR, SOD, and CAT) as indicators of the oxidative stress were used in their study ). Also Isaksson et al. (2009) compared oxidative damage (TBARS level) and different antioxidant enzymes in lungs and liver tissue of urban and rural Great Tits.
Inhibition of antioxidant enzymes and interactions with sulfhydryl groups of proteins may play a more important role in the lead poisoning of waterfowl than lipid peroxidation (Mateo et al. 2003) . Lead exposure inhibited GPx activity in plasma, liver, and brain, and decreased protein thiols in blood and liver of mallards during the first week of lead exposure. Pb-induced pathological changes associated with hepatic and nervous function were significantly correlated with lower GPx activity and protein thiol concentrations in these tissues rather than lipid peroxidation (Mateo et al. 2003) . Lead exposure resulted in an increase in tissue lipid peroxides and variations in glutathione concentrations for the first 6 weeks in the young of two species of waterfowl, Canada Goose Branta canadensis and Mallard Anas platyrhynchos. Both species showed a rise in hepatic GSH concentration with lead exposure, and the relationship between increased lipid peroxidation and lead exposure was significant in geese (Mateo & Hoffman 2001) . Berglund et al. (2011) measured the concentrations of several elements (arsenic, calcium, cadmium, copper, nickel, lead, selenium, and zinc) in adult and nestling Pied Flycatchers and Great Tits at different distances from a Cu-Ni smelter. Feces of nestlings generally failed to correlate with internal element concentrations but they did reflect the exposure of the nestlings to pollution, indicating increased stress due to the need to remove excess metals. Uptake of Cu and Ni were regulated, but As, Cd, Pb, and Se accumulated in liver tissue. The accumulation of As and Pb in Pied Flycatcher livers was explained by more effcient absorption, whereas the high Cd concentration was primarily due to different intakes through food items. Both Cd and Se accumulated with age (Berglund et al. 2011) . Our previous results also indicate that increased oxidative stress modifies antioxidant enzyme activity and causes changes in antioxidant defenses in chicks from various environments, principally causing increased enzyme activity in chicks from polluted regions (Kamiński et al. 2009a, b) .
We can conclude from our results, that the regions of White Stork nesting with various ecological threats are also responsible for enhanced oxidative damage and decrease total antioxidant capacity, estimated by TBARS and carbonyl derivatives of amino acids reaction ( Fig. 1 and 2 ) and modified antioxidant defenses (Table 1, Fig. 3 ). The use of hematological research assesses the condition of the birds and gives positive association with miscellaneous environmental loads.
In conclusion, it was found that White Stork chicks from different environments are probably significantly susceptible to environmental conditions. In the unpolluted area, chicks showed lower lipid and protein oxidation levels, indicating that the variation in the pollution-induced oxidative stress among areas is dependent of environmental loads. Increased oxidative stress biomarkers can modify antioxidant defenses in chicks from various environments, principally causing increased GPx activity in chicks from polluted regions. Therefore, the use of oxidative stress biomarkers to assess the health and condition of chicks will be useful in future studies aiming to identify miscellaneous environmental loading.
